between ATI in adult experimental subjects and ageassociated thymic atrophy during the mid-phase of life in human beings is that the former occurs due to an increase in the death of thymocytes and has the ability to recover after the removal of the insult (Duan et al. 2015; Lee et al. 2011; Park et al. 2007) , whereas the latter is characterized by the substitution of lymphoid tissue with fat (adipose tissue) in a progressive time-dependent manner (Bodey et al. 1997; Henry and Anderson 1987; Quaglino et al. 2014) . ATI is a common and well-known feature in various fungal Mendes-Giannini et al. 2008; Souto et al. 2003) , viral (Duan et al. 2015; Falkenberg et al. 2014; Gao et al. 2015) and bacterial infectious diseases (LeyvaRangel et al. 2015; Ross et al. 2012; Savino 2006) . ATI can also be caused by immune suppression (Billard et al. 2011; Zhou et al. 2016) , hunger (Gavia-García et al. 2015; Savino et al. 2007 ), chemotherapy, radiography (DeBo et al. 2015; Lynch et al. 2009 ), pregnancy (Ekin et al. 2016; Jacques et al. 2014 Jacques et al. , 2015 , transplant rejection (Gracia-Ahufinger et al. 2015; Krenzien et al. 2015) and other severe disease conditions (Wang et al. 2016) . ATI in certain physiological conditions (e.g., during malnutrition and pregnancy) is usually mediated by the neuroendocrine system, and the transient thymic regression is characterized by increased thymocyte death, with the capability to recuperate after the removal of the insult (Gruver and Sempowski 2008; Shanley et al. 2009 ). However, during certain pathological situations, such as myasthenia gravis (MG), the thymus undergoes histological alterations such as thymic follicular hyperplasia (Andersen et al. 2016; Jordan et al. 2016) , whereas the immunological changes are usually linked to Toll-like receptor (TLR)-mediated immune activation. For example, TLR4 signaling plays a key role in immune cell recruitment in the MG thymus (Cordiglieri et al. 2014) , and TLR7 and TLR9 are also involved in the pathological effects on the thymus in MG (Cavalcante et al. 2016) . During age-related atrophy, thymic function is mainly affected by changes in the histological structure of the organ including expansion of the perivascular spaces and an increase in the adipose tissue. These changes lead to enhanced vulnerability to autoimmune diseases, infections and cancer in older individuals (Lynch et al. 2009 ). Various molecular and signaling pathways are involved in ATI depending upon the type and strain of infectious agent/s (viral, parasitic, fungal, bacterial) that are involved in pathogenesis (Table 1) . For instance, transient decreases in the size and weight of the thymus gland and depletion of the populations of T cell subsets are generally observed in most cases of ATI whereas some of the fungal (e.g., Paracoccidioides brasiliensis), viral (e.g., HIV) and parasitic (e.g., Trypanosoma cruzi) infections additionally lead to severe disruption of the anatomical organization of the organ (Savino 2006) . Moreover, the thymus seems to be a sensitive target lymphoid tissue on the basis that in response to various toxicant and infectious agents, it usually undergoes histomorphological alterations in its architecture, in particular, decreases in the size and the cellular components. These changes should therefore be evaluated with respect to the specific compartments. Other alterations include, but are not limited to, changes in the thymic epithelial cells (TECs), cortico-medullary ratio and apoptosis rates in the affected thymic tissues (Elmore 2006) . Growing evidence suggests that ATI is plastic in nature and thus can be therapeutically reversed or halted (Wang et al. 2016) . For this reason, we also highlight recently discovered mechanistic and therapeutic tools (Table 1) . Therefore, understanding of the recent advances related to ATI development along with its mechanistic/therapeutic recovery ( Fig. 1) is indispensable for its prevention and for the development of paradigms and strategies for the rapid revival of thymic function.
Pathogenic Infections and ATI Viral Infections and ATI
A recent study in mice transgenic for the human immunodeficiency virus (HIV)-1 Tat protein reported that ATI is a significant primary event compared to wild-type (WT) mice. This process was characterized by decreases in the numbers of thymocytes and was associated with an altered histological architecture including shrinkage in the size of the cortex associated with a loss in the distinction of the cortico-medullary junction and earlier development of cysts. These changes led to alterations in the thymocyte compartments as a result of impaired thymopoiesis, in which an increased percentage of double-negative ( were observed. As a result, the population of DP cells in the peripheral blood circulation was ultimately depleted (Fiume et al. 2015) . Two articles have reviewed the similar morphological events in HIV-induced ATI (Jaïdane et al. 2012; Nunes-Alves et al. 2013) . Several different mechanisms are involved in the HIV-induced ATI, which may cause severe damage to the thymic architecture (including stromal disruption, thymocyte depletion and abnormal maturation or apoptosis of thymocytes) due to host factors or viral load/HIV replication within thymocytes (Meissner et al. 2003) . Because conducting research investigations on the thymuses of HIV-infected humans (Verinaud et al. 2004 ) is difficult, many animal model systems have been developed. The simian immunodeficiency virus (SIV)-infected monkey model is much better than the feline and murine models, on the basis that this species not only acts as a natural host for the infection, but also offers Duan et al. 2015; Hu et al. 2016; Liu et al. 2014 Parasites
Trypanosoma cruzi 1. Increase in transcriptional factor, Foxp3 in CD4 + compartment 2. Role of modulated miRNA in TGF-β signaling pathway 3 S1P pathway by altering intrathymic activity of S1P kinase 4. Stress hormones disparity 1. Increasing prolactin secretion as induced by the administration of metoclopramide, a D2-dopaminergic antagonistic drug 2. Treatment with fingolimod (FTY720), an antagonist of S1P receptor González et al. 2016; Lepletier et al. 2012 Lepletier et al. , 2013 Lepletier et al. , 2014 Pérez et al. 2012 Plasmodium berghei, P. yoelii and P. berghei ANKA 1. Matrix metalloproteinases (MMPs), i.e., MMP-2 and MMP-9
2. TNF-α signaling pathway Pentoxifylline administration Andrade et al. 2008; Francelin et al. 2011; Keswani and Bhattacharyya 2013; Khanam et al. 2015; Lima et al. 2012 Fungus
Paracoccidioides brasiliensis
Increased apoptotic index triggered by autophagic programmed cell death Thymus growth-stimulatory factor extracted from S. involvens, a fern Brito et al. 2003; Gayathri et al. 2011; MendesGiannini et al. 2008; Savino 2006; Souto et al. 2003 Bacteria Immune reaction to the thymic infection Borges et al. 2012; Nobrega et al. 2007 Nobrega et al. , 2010 Reiley et al. 2012 Francisella tularensis, F. tularensis an analogous patho-physiological model similar to HIVinfected human in terms of disease progression (Policicchio et al. 2016) . During infection of newborn rhesus macaques with SIV, ATI-associated events (including enhanced death and depletion of thymocytes by various apoptotic mechanisms) very similar to those described in HIV-infected humans (Rosenzweig et al. 2000) are observed. In conclusion, an appropriate animal model system is indispensable for the proper identification of mechanisms involved in ATI during such cases of viral infections. However, immune function might be restored by addressing the damaged niches in the thymic structure in HIV-infected patients through therapeutic interventions (Butler et al. 2011; Zeng et al. 2012) . Recently, the impact of nutritional intervention on the T cell subpopulation was investigated in malnourished adult HIV patients, and a lipid-based nutrient supplement with vitamins and minerals did not affect mortality or morbidity. However, it led to a significant increase in the CD4 + T cell population (Chisenga et al. 2015; Filteau et al. 2015) .
Bovine viral diarrhea virus (BVDV), a virulent strain, causes significant atrophy of the thymic cortex and a decrease in the size of the organ, which is accompanied by a considerable reduction in the population of CD4 + cells in 2-3-week-old calves (Falkenberg et al. 2014) . Although bovine herpes virus 1, a non-lethal strain, was not able to induce ATI by itself, co-infection with BVDV not only affected the local and circulatory T cell populations, but also led to a decrease in the ratio of cortical and medullary regions and increases in cortical apoptosis and the vascularization and collagen deposits in the thymus. This study proposed that the higher vascularization along with increased collagen deposition accounted for the healing and potential recovery of the organ. Future studies should explore whether thymus function can be restored after morphometric recovery in such cases (Romero-Palomo et al. 2015) .
ATI as a bystander effect has been reported in 1-monthold piglets that were inoculated with a highly virulent (HV) WT strain of porcine reproductive and respiratory syndrome virus (PRRSV). This virus causes involution of the thymic cortex and a loss of the distinction at the cortico-medullary junction. This study also suggested a strategy to attenuate the virus. Specifically, the existing codons in various genes (GP5, M, nsp2 and nsp9) of the HV strain of PRRSV were "shuffled", and inoculation of these codon pair bias (CPB)-de-optimized HV-nsp9 min and HV-nsp-29 min strains in pigs did not cause histopathologic lesions in the thymic structure (Gao et al. 2015) . In an earlier study, it was hypothesized that the nsp9 and nsp10 proteins might contribute to the virulence of PRRSV strains and to the development of thymic lesions in young piglets (Li et al. 2014) . A similar study in piglets showed that the degree of ATI was dependent on the strain of PRRSV and that the resulting ATI might be categorized as showing severe, mild or no apparent thymic atrophy . Hence, it was concluded that CPB optimization and attenuation of different strains of PRRSV are useful strategies to reverse ATI in the porcine species infected with PRRSV.
The thymus is also a target lymphoid tissue for yellow fever virus substrain 17D (YFV17D), which causes transcriptional alterations in immunomodulatory genes by increasing the expression of major histocompatibility (MHC) class Ib molecules and suppressing the autoimmune regulator (AIRE) and forkhead box P3 (Foxp3) genes in the mouse thymus. This study concluded that YFV17D immunization could lead to autoimmune responses by affecting thymic function at the transcriptome level in the host (Melo-Lima et al. 2015) . In another study, transcriptome analysis of the MHC class Ib molecules and AIRE gene was performed during thymic ontogeny from fetal to the adult stages. The study showed that MHC-I gene expression was detected at earlier stages during ontogeny whereas differential transcripts of AIRE gene were expressed during the embryonic period of thymus development. This study concluded that the AIRE gene might regulate the promoter regions of MHC-1 molecules at transcriptional level in the thymus. Hence, this approach could be used to develop recombinant MHC-I molecules as a potential immunosuppressive therapy (Melo-Lima et al. 2014) .
Infection with influenza A virus (IAV) causes serious ATI as a primary event due to alterations in the proliferation and apoptosis rates in the T cell population in the mouse thymus. This investigation explored the phenotype and immunological functions of natural killer (NK) cells and demonstrated that production of interferon (IFN)-γ by the NK cells caused the involution of thymus during the course of an IAV infection (Duan et al. 2015) . Similarly, influenza A virus type H1N1pmd09 infection induced severe ATI and depletion of the DP cells as a result of apoptosis. IFN-γ from activated innate thymic T cells mediated this ATI during infection with influenza A(H1N1)pmd09. This study demonstrated that use of an antiviral drug was ineffective whereas inhibition of CD8 + cells could reverse the thymic involution. This unique mechanistic insight might therefore lead to better preventive measures as well as a therapeutic tool to reverse the influenza A(H1N1)pdm09-induced ATI (Liu et al. 2014) . Very recently, in vitro and in vivo studies demonstrated that oral administration of phenylethanoid glycosides extracted from Ligustrum purpurascens has a protective effect that involved increasing the production of IFN-γ in IFN-γ knockout mice during an infection with H1N1 (Hu et al. 2016 ). This research focused on mouse serum and lungs along with a secondary lymphoid organ (spleen). Since IFN-γ signaling is commonly involved in many types of ATI, further studies should explore its effects on the thymus not only in viral infections, but also during the course of other infections.
Taken together, these studies suggest that several mechanisms including a transient decrease in size and weight of the thymus gland along with depletion of T cell subset populations are observed in nearly all cases of ATI in various vertebrate animal models (e.g., mice, bovines, pigs and monkeys) during viral infections. However, some of the virulent strains of same viruses additionally lead to a severe disruption in thymic anatomical organization.
Parasitic Infections and ATI
ATI is a primary event that is associated with stress hormone dysregulation in an experimental model of Chagas disease. In this model, activation of the receptors for glucocorticoids (GCs) and prolactin (PRL) was found to be mutually antagonistic. GCs may inhibit the proliferation of intrathymic DP cells by promoting their apoptosis, while PRL administration leads to the opposite consequences. These results suggest possible crosstalk between these two stress hormones during T. cruzi-induced ATI . T. cruzi also causes changes in both intrathymic and systemic endocrine pathways that are associated with stress conditions. These changes lead to a disruption in the intrathymic homeostasis, and the crosstalk between GC and PRL receptors induces ATI in mice. This study demonstrated that the increase in corticosterone during the infection was not related to an impairment in the PRL signaling pathways. In contrast, adrenalectomy has a protective effect on thymus. However, under these conditions, increased ATI is observed when the circulating PRL is inhibited, which leads to elevated systemic corticosterone levels. Metoclopramide (Sigma-Aldrich, St. Louis, USA) is a D2-dopaminergic antagonist, and its administration modulates the intrapituitary production of PRL and induces an increase in the serum concentration of PRL without altering the T. cruzi-induced increase in the serum levels of corticosterone. Metoclopramide-induced reestablishment of PRL synthesis not only prevents DP thymocyte apoptosis by impairing the activation of the caspase-3 signaling pathway but also supports the inconsistent transport of potentially autoreactive and immature DP thymocytes to the periphery, thus preventing ATI in infected mice (Lepletier et al. 2013) . Enhanced deposition and increased expression of tumor necrosis factor (TNF)-α in the thymus has been demonstrated during T. cruzi infection (Chagas disease), and this leads to abnormal migration and export of the immature thymocytes (Pérez et al. 2012) . Recently, it was found that infection with T. cruzi affects the thymic regulatory T cell (tTreg) compartment. T. cruzi infection led to a significant loss of tTreg cells whereas the remaining tTreg population exhibited unusual phenotypic and functional alterations as well as abnormal localization. This study demonstrated a significant increase in number of cells positive for the transcriptional factor Foxp3 in the CD4 SP compartment during the acute infection. In contrast, architectural restoration of the thymus and an increase in the number of tTreg cells were observed during the course of chronic infection (González et al. 2016) . Severe ATI was observed to be a primary event along with an overall 80% loss of DP T cells on the 14th day after experimental infection to induce Chagas disease. Under these conditions, 29 of 85 miRNAs were found to be up-regulated in the TEC of the infected experimental mice compared to the normal mice. Additionally, seven miRNAs (miR-144, miR-291b-3p, miR-208b, miR-295, miR-488, miR-302a, and miR-654-3p) were found to target the genes that can impact the transforming growth factor (TGF)-β signaling pathway, which supported their role in thymic atrophy (Linhares-Lacerda et al. 2015) . Similar results were obtained in another study of a T. cruziinfected experimental mouse model in which severe ATI was found to be a primary event due to reduction in number of DP cells on day 10 post infection. This study found that the sphingosine-1-phosphate (S1P) pathway was a powerful modulator of the T cell subset populations, and altered intrathymic activity of S1P kinase was correlated with the release of immature DN T cells during the experimental model of Chagas disease. Treatment with fingolimod (FTY720), an antagonist of the S1P receptor, caused the reconstitution of immune function in diseased thymus, which led to a restoration of the DN T cells to the normal levels (Lepletier et al. 2014) .
The presence of Plasmodium berghei, the causative agent of malaria, has been reported inside the thymus of experimentally infected mice. In this infection, ATI was a primary event, and alteration in the histological structure of the thymus and a significant decrease (nearly 50-fold) in the numbers of DP thymocytes were observed during the course of infection (Andrade et al. 2008) . Similar morphological changes were also observed in another study of an experimental mouse infection with P. berghei. Significant nuclear condensation with karyorrhectic alterations in the histiocytes and in many of the thymocytes were observed, which suggested premature egress of the DP lymphocytes to the periphery and an increased rate of apoptosis (Francelin et al. 2011) . Lima et al. (2012) reported increased expression and extensive distribution of matrix metalloproteinases (MMPs) including MMP-2 and MMP-9 and tissue inhibitors of metalloproteinases (TIMPs) including TIMP-1 and TIMP-2 in mouse thymuses during P. berghei infection. ATI and histo-morphological alterations with limited cortico-medullary demarcation were also reported in Swiss albino mice infected with a lethal strain of P. berghei ANKA. This study investigated the effect of pentoxifylline, an inhibitor of TNF-α, on ATI and found that its administration led to a significant reduction in the necrotic areas in the thymus (Keswani and Bhattacharyya 2013) . More recently, the effects of lethal (17XL) as well as non-lethal (17XNL) Plasmodium yoelii infections on the thymus were investigated, and both strains were found to induce ATI as a primary event, including a decrease in the thymus weight and reduced numbers of DP and SP CD4 + thymocytes. 17XNL also reduced the number of DN thymocytes in the periphery and selectively depleted the cellularity of the cortex in the absence of any other lesions in the thymus (Khanam et al. 2015) . A similar distinctive feature of cortical cellularity was also observed in a prior study with P. berghei ANKA infection, but in this case, there was also a loss of the distinction at the cortico-medullary junction (Keswani and Bhattacharyya 2013) . This disparity in the architectural changes in the thymus might be associated with different parasite species, which indicates that there is specificity in the host-parasite interactions. In conclusion, infection with the 17XL strain caused apoptosis of DP thymocytes, whereas 17XNL infection led to more intense but reversible thymic changes (Khanam et al. 2015) .
Fungal Infections and ATI
The intrathymic presence of Paracoccidioides brasiliensis indicated that fungal infections could also target the thymus (Savino 2006) . Similarly, invasion of the thymic tissue by P. brasiliensis was confirmed in a prior report. This invasion was associated with severe ATI as a primary event that was characterized by a decrease in thymus weight, an increase in number of histiocytes, limited distinction of the cortico-medullary junction along with degenerative changes in the thymic cortex . Mechanistically, ATI during experimental paracoccidioidomycosis was caused by apoptosis, as indicated by a significant increase in the apoptotic index as well as typical cellular changes that were triggered by autophagic programmed cell death (Mendes-Giannini et al. 2008; Souto et al. 2003) . Gayathri et al. (2011) investigated the effect of an extract of a fern known as Selaginella involvens that was shown to have thymus growth-stimulatory properties and found that this substance protected cortisone-treated immuno-compromised mice from an infection with Aspergillus fumigatus. They determined that S. involvens demonstrated significant antioxidant activity and might help to reverse ATI during fungal infections (Gayathri et al. 2011) .
Bacterial Infections and ATI
Prior studies found that many bacterial infections could cause ATI and the depletion of thymocytes (Nunes-Alves et al. 2013). Several reports described ATI following Salmonella enteric serovar Typhimurium (S. typhimurium) infection in the host species. It was observed that the function of the thymus was maintained during S. typhimuriuminduced ATI and that the thymic atrophy was a dynamic and reversible process. In contrast to most of the viral and parasitic infections, S. typhimurium did not disrupt the gross and histological architecture of the thymic epithelium of the cortex and medulla, and the ATI did not rely on a mechanism that involved feedback from the periphery or regulation of endogenous glucocorticoids. Moreover, the maturation of the thymic T cells during ATI was maintained, and the number of CD4 + SP cells that emigrated from the thymus towards the secondary lymphoid organs was slightly decreased (Ross et al. 2012) . IFN-γ and the endogenous glucocorticoid pathways played critical roles in the apoptosis of the DP thymocytes during the period of S. typhimurium-induced ATI. Furthermore, inhibition of the endogenous corticosteroid signaling partially reversed the atrophy of the thymus whereas enhancement of endogenous host-encoded IFN-γ participated in the apoptosis of the DP thymocytes. Moreover, interactions between these two key pathways led to an additive effect on the reduction in the DP thymocyte survival (Deobagkar-Lele et al. 2013 ). More recently, a skewed process of thymocyte development was detected during S. typhimurium-induced ATI as a primary event that caused continuous development of thymocytes leading to a set of SP thymocyte clones that exhibited a unique T cell receptor β chain (TCR-Vβ), which was independent of the changes in thymic architecture during the course of the infection. Subsequent to the recovery from the Salmonella infection, this study also determined the aftereffects of the infection on the thymus. For this purpose, the antibiotic ciprofloxacin was injected intraperitoneally (50 μg as a single dose) on day 3 post infection (p.i.), and then a continuous low-dose (1 mg/ml) was administered in the drinking water until 5 or 30 days p.i. (Leyva-Rangel et al. 2015) . Ciprofloxacin is a broad-spectrum antibiotic that affects the bacterial DNA supercoiling and functions by inhibiting the bacterial DNA synthesis and topoisomerase (Hoerr et al. 2016 ). The distorted distribution of the thymocytes and the skewed TCR repertoire due to the Salmonella infection in the infected mice were not changed after two days of ciprofloxacin treatment. However, an unaltered TCR repertoire and the distribution of thymocytes were restored in the infected host following long-term antibiotic treatment (Leyva-Rangel et al. 2015) . This result shows that during long-term bacterial infections, antibiotic treatment may restore the thymic structure and function.
The persistent colonization by various strains of Mycobacterium tuberculosis has been reported in the thymus (Nobrega et al. 2007 ). Moreover, spreading of Mycobacterium into the thymus caused the thymocyte population to tolerate the invading pathogens (Nobrega et al. 2010) . The tolerance of the thymus was not a key mechanism that inhibited the protective responses of the thymocytes, and the accumulation and priming of naïve T cells was therefore not supported in chronic environment during the period of M. tuberculosis infection (Reiley et al. 2012) . Mycobacterium avium infection also caused severe ATI as a primary event. However, mice that were deficient in IFN-γ or inducible nitric oxide synthase failed to show ATI and had little increase in the corticosterone levels. This study demonstrated a decrease in the populations of all types of thymocytes and suggested a paucity in the bone marrow during thymic differentiation or colonization by T cells in addition to the local death of thymocytes (Borges et al. 2012) . Thus, the immune reaction to the thymic infection is a mechanism that directs peripheral T cells to the thymus and is a strategy that protects the thymus during and after the infection .
Experimental infection of mice with Francisella tularensis type A, a virulent strain, caused severe ATI as a primary event, and the DP thymocyte loss was accompanied by significantly increased levels of circulating cortisone. However, reversal of the ATI and T cell depletion was observed in mice deficient for TNF receptors 1 and 2, but not in Fas ligand-deficient mice (Chen et al. 2005) . More recently, infection with F. tularensis Yama strain, a virulent Japanese strain, caused a drastic increase in IFN-γ and the DP thymocytes and a decrease in the DN thymocytes in the blood (Hotta et al. 2016 ). Thus, it seems that DP thymocyte loss in the thymus that was reported by Chen et al. (2005) may be associated with an increase in DP thymocytes in the blood of F. tularensis-infected hosts.
Other Factors Associated with ATI Pregnancy
Restricted fetal growth in the uterus has been found to be associated with ATI as a primary event that leads to a greater risk of premature births and adverse effects in neonates (Ekin et al. 2016 ). ATI as a bystander effect associated with brain injury has been reported in several cases of stillbirths of unknown causes during the third trimester of human pregnancies (Jacques et al. 2014 (Jacques et al. , 2015 . Moreover, the existence of thymic petechiae together with ATI contributed to the clinical diagnosis of placental abruption (Jacques and Qureshi 2016) . Intra-amniotic administration of lipopolysaccharide (LPS) from Escherichia coli caused a decrease in the ratio of the cortico-medullary areas of the fetal ovine thymus and the mRNA expression of sonic hedgehog and bone morphogenetic protein 4. Although betamethasone exposure prior to LPS administration partially prevented the LPS-induced ATI, it decreased the corticomedullary ratio and increased the expression of cleaved caspase-3. However, betamethasone administration subsequent to LPS treatment had no protective effect against the LPS-induced ATI (Kuypers et al. 2012 ). These recent studies suggested that prenatal surveillance of thymic morphology is valuable in normal healthy pregnancies.
Stress and Corticotrophin-Releasing Factor
Elevated gene expression of corticotrophin-releasing factor (CRF) in the hypothalamus has been reported to be associated with ATI during repeated experimental stress conditions in mice (Rabasa et al. 2015) . Moreover, peripheral and central administrations of CRF have different effects on ATI. The peripheral treatment of α-helical CRF did not affect LPS-induced ATI. However, its central administration attenuated the effects of LPS in the thymuses of experimental mice, which indicates that central hypothalamic CRF is involved in ATI (Ullewar and Umathe 2015) .
Fatty Infiltration
In a study to investigate fatty infiltration of the thymus due to illness in a pediatric population, more fatty infiltration was found in the postnatal thymus compared to the fetal thymus despite the fact that both types of thymuses had the same degree of ATI (Taweevisit et al. 2015) . Heavy fatty infiltration was usually found in the involuted thymuses of old mice. However, similar changes were also present in tumor-induced thymic atrophy, and in this case, they were also associated with increased levels of leptin and enhanced expression of IFN-γ, granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin (IL)-2 (Lamas et al. 2016 ).
Monocyte Chemoattractant Protein 1/CCL2 Signaling
Monocyte chemoattractant protein (MCP)-1, also known as C-C motif ligand 2 (CCL2), is an important chemokine. CCL2 and its receptor, CCR2, are involved in induction of various diseases (Deshmane et al. 2009 ). In ovariectomized (surgically post-menopausal) female cynomolgus macaques, exposure to ionizing radiation induces ATI (loss of cortical thymocytes and decrease in thymic weight and thymopoiesis), transient up-regulation of the plasma levels of MCP-1 and changes in the mRNA patterns in the thymus (DeBo et al. 2015) . MCP-1/CCL2 signaling is also associated with ATI in acute myelogenous leukemia (AML), where it is characterized by loss of peripheral DP thymocytes and increased expression of CD4 +
Foxp3
+ thymocytes in a mouse model. This investigation also found positive immunotherapeutic effects of anti-CCL2 antibody treatment in AML-bearing mice (Driss et al. 2015) .
Leptin Receptor Signaling and ATI
Leptin is a peptide hormone (16 kDa) that is primarily secreted by adipose tissue and acts as an essential regulator of body weight and energy metabolism (Friedman and Halaas 1998; Pérez-Pérez et al. 2015) . The plasma concentration of leptin is associated with the extent of obesity (Bouloumié et al. 1998) . Biologically, leptin is regarded as a multifunctional hormone that is involved in various body functions such as hematopoiesis, osteogenesis, thermogenesis, angiogenesis, chondrogenesis, neuroendocrine processes, arterial pressure control, body weight homeostasis and immune functions (Fantuzzi and Faggioni 2000; Pérez-Pérez et al. 2015; Sagawa et al. 2002) . The synthesis of leptin by various tissues and organs such as the pituitary, placenta, stomach, and skeletal muscle is consistent with its biological roles in these body systems (Reitman et al. 2001 ). The leptin receptor has been found to be expressed by the thymic medulla (Gruver et al. 2009 ), and ablation of leptin signaling led to chronic thymic involution in mice (Palmer et al. 2006) . Leptin administration stimulated thymopoiesis and induced a reduction in the body weight in leptin-deficient mice, but it failed to stimulate thymopoiesis in WT mice. Leptin treatment in LPS-stressed mice activated thymocyte reconstitution and prevented the LPS-induced ATI, which indicates a protective role of leptin in immune reconstitution (Hick et al. 2006) . Leptin treatment alone does not impact the total TECs; instead, it is involved in the protection against LPS-induced ATI (Gruver et al. 2009 ). Gruver and Sempowski (2008) reviewed the thymostimulatory role of leptin during the normal development of thymocytes and in endotoxin-induced ATI and suggested that a deficiency in the leptin receptor might be a cellular defect of thymic stromal cells or lymphocytes. Alternatively, ATI in leptin-deficient mice may be mediated by metabolic defects in leptin receptor signaling (Gruver and Sempowski 2008) . It was demonstrated that a deficiency in the leptin receptor on either thymocytes or TECs was not the actual cause of the failure of thymic function. The thymoprotective role of leptin was indirectly attributed to the suppression of obesity rather than direct signaling to thymocytes or the cellular compartment of the thymus (Sreenivasan et al. 2015) .
Vascular Endothelial Growth Factor Signaling
There is a relationship between increased levels of vascular endothelial growth factor (VEGF) and ATI. Intense immuno-staining for VEGF has been reported in lymphocyte-depleted areas. The possible reason for this association might be that the unique morphology of dilated blood vessels allows increased vascular permeability during ATI. This could lead to the accumulation of VEGFpositive islands of TECs in the region of the dilated blood vessels within the lymphocyte-depleted areas. This suggests that VEGF plays an important role in ATI (Cimpean et al. 2008) . A rapid reduction in the dense capillaries within the thymus and a significant decrease in the number of thymocytes were observed when VEGF signaling was inhibited in the neonatal life period compared to the adult stages (Cuddihy et al. 2009 ). More recently, in LPS-induced ATI as a primary event, both VEGF expression in neonatal thymic tissue and number of TECs were shown to decrease simultaneously in a time-dependent fashion (Zhou et al. 2016 ). This shows the existence of VEGF-mediated crosstalk during ATI in various postnatal developmental stages of the thymus.
Dexamethasone, Bleomycin and D Prostanoid Receptor 1 Pathway
ATI as a bystander effect has been reported in bleomycin-induced acute lung inflammation in both WT and D prostanoid receptor 1 (DP1)-knockout mice (DP1 −/− ) mice. The ATI under these conditions was characterized by depletion of immature thymocytes and elevated levels of glucocorticoid in the blood circulation (van den Brule et al. 2014). Dexamethasone (DM) treatment in chickens caused ATI that led to depletion of T cells and abolition of the specific pattern of keratin in the thymic cortex, which consequently produced increased levels of tenascin and fibronectin. Moreover, the entire thymic lobe resembled the medulla. Rapid regeneration of the thymus was observed after cessation of the DM treatment (Bódi et al. 2015) . However, the thymocytes from DP1 −/− mice were not sensitive to either systemic delivery of DM or in vitro DM treatment, which indicates the importance of this new DP-1 receptor pathway in bleomycin-induced ATI (van den Brule et al. 2014 ).
Mechanisms of ATI Role of TLRs and ATI
TLRs recognize and respond to various pathogen-derived molecules and are expressed by many immune-related cells. TLR signaling generates an acute type of innate immune response through cytokine production (Gay et al. 2006) . Immunological changes are usually linked to TLRmediated immune activation. For example, TLR4 signaling plays a key role in immune cell recruitment in the MG thymus (Cordiglieri et al. 2014) , and TLR7 and TLR9 are also involved in the pathogenesis of the MG thymus (Cavalcante et al. 2016) . TLR4 is constitutively expressed on TECs (Huang et al. 2014) , and the expression of TLR4 was enhanced on the TECs of the involuted thymuses of myasthenic patients (Bernasconi et al. 2005) . The indirect effect of endotoxin stimulation on thymic involution caused alterations in the gene expression downstream of TLR3 and TLR4 (Fig. 2) , which suggests a critical role of TLRs in ATI and its recovery (Billard et al. 2011) . LPS (endotoxin), the first ligand of TLR4 to be discovered, is derived from the cell walls of Gram-negative bacteria. It is recognized by a complex that consists of cluster of differentiation 14 (CD14), TLR4 and MD2 receptors at the cell surface, and the LPS/TLR4-MD2 signaling is initiated at the cell plasma membrane (Akira 2003; Yang et al. 2016 ). The drug paclitaxel also acts as a TLR4 ligand (Kelly et al. 2006; Szajnik et al. 2009 ). TLR3 is an intracellular receptor within the endosomes that is specific for double-stranded RNA (dsRNA) and recognizes polyinosinic-polycytidylic acid (poly(I:C)), a synthetic analog of dsRNA (Blasius and Beutler 2010) . During TLR3 and TLR4 signaling, Tollinterleukin 1 receptor (TIR)-domain-containing adapterinducing interferon-β (TRIF) acts as their adaptor molecule to activate interferon regulatory factor 3 (IRF3) and nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB), which induces the synthesis of type-I IFN and inflammatory cytokines. TIR domain-containing adaptor protein/ Mal serves an essential function in TLR4 signal transduction by bridging the TIR domain of TLR4 to the myeloid differentiation primary response gene 88. Similarly, TRIFrelated adaptor molecule also acts as a bridging adaptor for TLR4 and TRIF. IRF3 then interacts with other molecules and induces IFN-β production, which leads to the innate immune response through the antiviral actions of interferons (Jin et al. 2012; Yamamoto et al. 2003) . The TLR3 ligand poly(I:C) can induce expression of type I IFN and plays a crucial role in blocking the DN1-DN2 transition and reducing the DN3-DN4 cell proliferation. This results in a loss of the DP thymocytes through apoptosis and decreased thymic output (Jin et al. 2012) . The expression of genes downstream from both TLR3 and TLR4 signaling following LPS stimulation of murine thymocytes shows that the TRIF signal is the most differentially expressed pathway. Hence, altered TLR signaling directly influences ATI.
Role of Cytokines and ATI
The endotoxin-induced activation of the hypothalamus-pituitary-adrenal (HPA) axis leads to an acute systemic increase in a cascade of pro-inflammatory cytokines that participate in ATI (Saluk-Juszczak and Wachowicz 2005) . Leukemia inhibitory factor and IL-6 cytokine family members play significant roles in ATI through systemic stimulation of HPA axis as well as by local activation of certain intrathymic pathways (Gruver and Sempowski 2008; Sempowski et al. 2002) . Decreased expression of IL-7 has been found to be an important contributor to disrupted thymopoiesis and the rapid atrophy of thymus during chronic age-related involution of thymus (Wang et al. 2006) . A potent cascade of pro-inflammatory cytokines (TNF-α, IL-3, IL-10, IL-13, MCP-1, MIP-1β, IL-2, IL-12p40, IL-12p70, KC, GM-CSF, MIP-1α, RANTES, IL-1α, IL-1β, IL-5, IL-6, IL-17, eotaxin and IFN-γ) in the systemic circulation during LPS stimulation plays an important role in septic shock, which suggests the function of this cascade in inducing ATI (Billard et al. 2011; Saluk-Juszczak and Wachowicz 2005; Wang et al. 2006) . The transcripts for several intrathymic pro-inflammatory cytokines (TNF-α, IL-12, KC, MIP-1α, MIP-1β, IL-1α, IL-1β, and IL-6) have been reported in mouse thymus after LPS challenge. Specifically, a 37.5-fold increase in IL-6 transcription was observed compared to saline-treated group (Billard et al. 2011) . Increased gene expression of other soluble factors, including Csf3/G-CSF (24.7-fold), CXCL5 (10.95-fold), CCL12 (10.57-fold), CCL7 (7.96-fold), CXCL3 (4.1-fold), IL-1β (3.5-fold), IL-12β (1.98-fold), Csf2/GM-CSF (1.8-fold), IL-17 (1.73-fold), and CCL20 (1.73-fold), and pathway analysis demonstrated that the IL-17 signaling pathway (Fig. 3) was highly significant (Billard et al. 2011) . During IL-17-mediated signaling, modulation of several transcription factors, including extracellular signal-regulated kinase 1/2, p38 mitogen-activated protein kinases, NF-κB, specificity protein 1 and Jun/Fos, has been found to be modulated in a tissue-specific and stimulation-dependent fashion (Kawaguchi et al. 2004; Ley et al. 2006; Moseley et al. 2003) . Many of the other cytokines also influence the IL-17 expression levels (Acosta-Rodriguez et al. 2007; Maitra et al. 2009; Nurieva et al. 2007 ). For example, IL-15 receptor α suppresses the expression of IL-17 (Colpitts et al. 2015) . Together, these reports suggest that the local production of certain pro-inflammatory cytokines may directly induce alterations in the cell cycle responses in the thymic micro-environment. For instance, an investigation of neonatal thymi demonstrated that signaling through IL-15 and its unique receptor, IL-15Rα, constrains the expansion of γδ T cells that produce IL-17 (γδ-17 cells) (Colpitts et al. 2015) . Hence, a unique cytokine network controls the homeostasis and development of T cells in the thymic micro-environment.
Role of MicroRNA and IFN-α Receptors in Viral Infection Mediated ATI
Poly(I:C), which structurally mimics the dsRNA of many viruses, has been used for the experimental induction of ATI in several studies. The activation of the innate immune system by poly(I:C) injection causes rapid ATI that is mediated by the virus-sensing melanoma differentiationassociated gene 5 receptor, and the type 1 IFN receptor significantly impacts this process (Anz et al. 2009 ). Although IFN-α is constitutively present in the human thymus (Colantonio et al. 2011 ) and acts as a key regulator of pathogeninduced ATI, microRNA miR-29a has also been found to play a critical role in the protection of thymus from involution. For instance, selective deletion of microRNA miR29a from the TECs leads to increased expression of the IFN-α receptor, which results in a loss of cellularity in the thymus and thus causes the ATI (Fig. 4) (Papadopoulou et al. 2011) . Recently, a marked increase in expression of 5 microRNAs (miRNAs) and a reduction in 17 miRNAs has been described in thymuses from transgenic mice that expressed the HIV-1 Tat protein (Tat is essential for replication and pathogenesis of HIV-1). Interestingly, miR181a-1, which is involved in T cell lymphopoiesis, was significantly modulated in Tat-positive thymuses (Fiume et al. 2015 ). An increased expression of miR-205 was detected in medullary TECs (mTECs), which indicates its significance in the thymus. However, genetic deletion of miR-205 from the mTECs demonstrated that it was not involved in recovery of the thymus from the poly(I:C)-induced ATI . In contrast, it is currently known that miR-205 is an epithelial-specific and stress-responsive microRNA (Hoover et al. 2015; van Oers et al. 2016 ) that is involved in the modulation of thymopoiesis (Hoover et al. 2015) . More severe ATI was detected under poly(I:C) stress in miR-205-deficient mice/miR-205-deficient TEC than in their littermate controls (Hoover et al. 2015; van Oers et al. 2016 ). Thus, miR-205 has a key role in thymopoiesis, and it is hypothesized that it may be of great therapeutic significance (Hoover et al. 2015) . Gene expression assessment demonstrated that miR-205-deficient TECs cause significant alterations in antigen processing and chemokine/ chemokine receptor pathways. Moreover, miR-205 positively regulates the expression of the Foxn1 transcription Fig. 3 Mechanisms of modulation of the IL-17 signaling pathway during ATI. This diagram represents the released pro-inflammatory cytokines as well as intracellular reaction via the IL-17 receptor (IL-17R). The red box represents the genes for which significant increases in the levels of mRNA are observed, and the blue box indicates the genes that show significant decreases in the levels of mRNA in thymic tissue under LPS-induced stress. The numeric values indicate the mean fold alterations. The arrows may correspond to multiple steps and green arrows represent a positive influence. The plasma membrane is shown in gray, and the nuclear membrane is represented with dotted line (Billard et al. 2011) . Source: Adapted from 10.1371/ journal.pone.0017940.g003 under a Creative Commons Attribution (CC BY) license factor (the master regulator of TEC development and function). Surprisingly, miR-205 is encoded within a long noncoding RNA (lncRNA), 4631405K08Rik (van Oers et al. 2016) . Taken together, these very recent findings demonstrate the transcriptional regulatory mechanisms for micro-RNA and lncRNA as well as their association with the expression of Foxn1 in the maintenance of thymopoiesis in the thymic micro-environment.
Role of MicroRNA and TGF-β Signaling Pathway in Parasitic Infection-Mediated ATI
During the acute infection of Trypanosoma cruzi in mice, the potential role of miRNAs in TECs was analyzed, and this research demonstrated that differentially expressed miRNAs in the TECs might mediate ATI. An in silico study showed that modulation of the miRNA could directly target the mRNAs that control cell adhesion, chemotaxis and cell death in the TECs of both the cortex and medulla. Moreover, seven modulated miRNAs (miR-144, miR-291b-3p, miR-208b, miR-295, miR-488, miR-302a, and miR-654-3p ) that impact the TGF-β signaling pathway were detected, which suggested their considerable role in ATI. Furthermore, putative roles for 29 differentially regulated microRNAs have been demonstrated in B-cell lymphoma 2 (Bcl2)-associated apoptosis, AIRE down-regulation and extracellular matrix deposition (Linhares-Lacerda et al. 2015) . During Leishmania-and Schistosome-associated inflammation, miR-182 and miR-10a have been found to be main regulators of the CD4 +
Foxp3
+ Tregs, and the IL-12/ IFN-γ axis regulates miR-10a as well as its putative transcription factor, Creb. TGF-β is involved in the stimulation of miR-10a expression during parasitic infection (Kelada et al. 2013) . Blocking the TGF-β pathway slows down the age-related thymic atrophy (Hauri-Hohl et al. 2008 ). Therefore, it was concluded that a common pathway may operate during both infection-induced ATI and thymic atrophy due to senescence. The investigation of similar putative micro-RNA gene targets and transcriptional factors may therefore be useful in developing future regenerative medicine-based approaches.
Role of MicroRNA during Bacterial LPS Stress-Induced ATI
LPS injection, which mimics a bacterial infection, induced significant ATI as a primary event, and caused the loss of DP cells (CD4 + CD8 + ) and the dysregulation of 18 miRNAs, including the miR-17-90 cluster (which is involved in antiapoptotic function) and the miR-181 family (which promotes T cell tolerance) in mice. miR-181d, which has analogous and exclusive gene targets similar to those of miR-181a, was strikingly down-regulated during LPSinduced stress. The dysregulation of other modulated miRNAs might alter the T cell repertoire, which could lead to defective formation of naïve T cells (Belkaya et al. 2011) . Enhanced expression of miR-181a in mature T cells leads to a higher affinity for peptide antigens, whereas decreased expression of this miR in immature T cells results in a lower sensitivity and loss of negative and positive selection. Therefore, it seems that miR-181 works as an inherent antigen-sensitivity "rheostat" during the process of T cell development (Li et al. 2007) . Recently, it was found that miR-181d augmented the depletion of the DP thymocytes following LPS-induced stress, and a genetic study revealed that miR-181d can target a large number of metabolic as well as stress-signaling pathways and might play role in stress-induced ATI (Belkaya and van Oers 2014) . (Papadopoulou et al. 2011) For instance, miR-181 is an obligatory component of cellular metabolism and critically maintains the biosynthetic requirements during the initial stages of NK-cell development. In this investigation, miR-181-deficient mice not only exhibited a complete lack of mature NKT cells in the thymic micro-environment and periphery but also showed severe abnormalities in lymphoid growth and T cell homeostasis related to compromised phosphoinositide 3-kinase (PI3K) signaling. Mechanistically, miR-181 regulates the expression of phosphatase and tensin homolog to manage PI3K signaling, The miR-181 family is thus a fundamental regulator of universal metabolic fitness during NKT cell growth and homeostasis (Henao-Mejia et al. 2013 ).
In conclusion, despite the paucity of information regarding the involvement of miRNAs in ATI, it seems that these small RNAs essentially play tangible roles in thymic biology and its vital processes (TEC expansion, T cell selection and homeostasis) ( Table 2) . Therefore, examining the role of these miRNAs has great potential for revitalizing the thymic remnant for the development of regenerative medicine-based approaches.
Do lncRNAs Mediate ATI?
lncRNAs play a key role in the initial stages of postnatal lymphopoiesis and lymphoid commitment in the human thymus and bone marrow (Casero et al. 2015) . Modulated expression of lncRNAs under LPS-induced stress has been identified in human monocytes, and these molecules are therefore considered to be essential regulators of the innate immune response (Ilott et al. 2014) . Moreover, the lncRNA NeST [nettoie Salmonella pas Theiler's (cleanup Salmonella not Theiler's)] was reported to control the IFN-γ locus in CD8 + T cells and thus decrease the vulnerability to Salmonella infection in mice after LPS treatment (Gomez et al. 2013) . Do lncRNAs also mediate stress-induced ATI? It seems possible; therefore, future research should focus on this possibility.
Role of Chemotherapy in ATI
In addition to pathogenic infectious agents and their virulence factors, including LPS and poly(I:C) (Table 1) , various pharmaceutical chemicals can also induce ATI. Cyclophosphamide, a widely used chemotherapeutic chemical, has been extensively employed as a cytostatic agent in several murine models of ATI (Jung et al. 2014; Lee et al. 2011 Lee et al. , 2014 Milićević et al. 1984; Yoon et al. 2003) . Cannabinoids are usually extracted from the Cannabis sativa (marijuana) plant but are also endogenously synthesized in neurons and immune cells (Howlett et al. 2002; Lombard et al. 2007 ). These compounds are used therapeutically for the treatment of inflammation, pain (Iversen and Chapman 2002) and autoimmune diseases (Pertwee 2002) . However, extensive use of cannabinoids causes immune suppression, dysregulation of cytokine production and acute toxicity (Eisenstein and Meissler 2015; Hermanns-Clausen et al. 2013) . The administration of JWH-015, a synthetic CB2-selective agonist, has also been implicated as a cause of enhanced thymic apoptosis and ATI (Eisenstein and Meissler 2015; Lombard et al. 2007 ). Terfenadine (an antiallergy drug) causes thymocyte death through a mitochondrial pathway and results in a remarkable increase in DNA fragmentation and the activation of certain caspases in rats (Enomoto et al. 2004; Pozzesi et al. 2014) . Methamphetamine administration in a rodent model promotes apoptosis through caspase-9 activation and diminishes the thymic cellularity (Fujikawa et al. 2007; Peerzada et al. 2013; Pozzesi et al. 2014 ). Geldanamycin, a heat shock protein-90 inhibitor, which is usually used as an anti-cancer agent, can target several oncogenic signaling pathways simultaneously (Cortese et al. 2013; Fukuyo et al. 2010 ). However, its administration along with 12-O-tetradecanoylphorbol-13-acetate (TPA), an activator of protein kinase C, may induce ATI through thymocyte death (Ohta et al. 2007; Pozzesi et al. 2014) . Organotin compounds such as dibutyltin and tributyltin (TBTC) are recognized as environmental toxicants (Graceli et al. 2013 ) that cause deterioration of the cell-mediated immunity through ATI (Pozzesi et al. 2014; Tomiyama et al. 2009 ). For instance, TBTC induces stress in the endoplasmic reticulum (Isomura et al. 2013 ) and thereby causes the death of murine thymocytes (Sharma and Kumar 2014) . The chemotherapeutic drug, 5-azacytidine has an anti-proliferative effect on T cell expansion (Fransolet et al. 2016 ) and induces thymocyte death and ATI through a TNF-related apoptosis-inducing ligand-based mechanism (Pozzesi et al. 2014; Tochitani et al. 2011) . It thus causes chemotherapy-mediated cytotoxicity and immuno-suppression in mice (Yu et al. 2016 ).
Can ATI Be Reversed Therapeutically?
Studies have shown that recovery from the ATI induced during pathogenic infections is possible through the application of various mechanism (Table 1) . Several therapeutic agents such as betulinic acid have also been implicated in immune reconstitution and the reversal of ATI. These agents possess pharmacological properties that improve the cellular as well as humoral immunity (Choi et al. 2016; Jine et al. 2012; Mullauer et al. 2010) . Treatment with these agents enhances the total number of thymocytes, thus causing an increase in the thymus weight index (Yi et al. 2010) , and has a protective effect against DM-induced thymocyte apoptosis in mice (Yi et al. 2016) . Similarly, curcumin has shown numerous therapeutic characteristics (Srivastava et al. 2011) . This chemical improves the immune reconstitution during carcinogenesis (Bhattacharyya et al. 2007 (Bhattacharyya et al. , 2010 and prevents deltamethrin-induced thymocyte apoptosis by arresting the oxidative stress through caspasedependent signaling pathways (Kumar et al. 2015) . Fibroblast growth factor 21 (FGF21) plays a critical role in the regulation of energy metabolism (Salminen et al. 2016) and protects against age-associated thymic involution by increasing the cortical TEC and thymocyte progenitors in mice (Youm et al. 2016) . Pharmacological administration of FGF7 or keratinocyte growth factor (KGF) represses the Ink4a tumor-suppressor gene and partially rejuvenates the murine thymocyte progenitors (Berent-Maoz et al. 2012) . FGF improves thymopoiesis as well as engraftment following myeloablative stem cell transplantation in rhesus macaques (Wils et al. 2012) . Palifermin is a pharmaceutical form of recombinant human KGF (rhKGF) (Tamari et al. 2012) , and its administration leads to regeneration of epithelial tissues after injury (Finch et al. 2013) . Inactivation of the retinoblastoma protein (RB) family enhances thymic function and prevents ATI by controlling forkhead-box transcription factor n1 (Foxn1) expression (Garfin et al. 2013) . Foxn1 controls the differentiation of TECs and regulates the expression of genes implicated in the selection of thymocytes (Zuklys et al. 2016) . Palifermin (rhKGF) can target the RB-E2F genes in murine TECs and the RB-E2F-Foxn1 module, and thus controls the size and function of the thymus and plays a key role in thymic regeneration (Garfin et al. 2014) . Hepatocyte growth factor (HGF) gene therapy can also reverse ATI and promotes the proliferation of a murine TEC line as well as in vitro IL-7 expression (Jung et al. 2014) . IL-7 injections partially reverse the ATI, whereas down-regulation of IL-7 and HGF are responsible for ATI in tumor-bearing hosts (Carrio et al. 2009 ). IL-7 is essential for the normal development of T cells and restoration of their homeostasis. The clinical application of IL-7 not only leads to enhanced proliferation and increases in the number of T cells but also causes alterations in the peripheral T cell subsets and the diversification of the T cell receptor repertoire (Mackall et al. 2011) . During HIV-1 infection, the production of IL-7 is amplified to maintain homeostasis in response to T cell depletion (Napolitano et al. 2001) . The exogenous administration of IL-7 enhances the regeneration of the T cells after transplantation of bone marrow, and its positive effect on immune reconstitution is associated with a considerable increase in thymopoiesis (Mackall et al. 2001) . Notably, application of IL-7 has been reported to enhance immune reconstitution during lymphopenia. IL-7 therapy is thus a significant factor for enhancing the actual thymic throughput (Fry and Mackall 2005) . Recombinant IL-7 therapy enhances the total numbers of T stem cells and restores the diversity of the T cell repertoire following cytotoxic chemotherapy in human beings (Zhang et al. 2015) . Moreover, administration of IL-22 can accelerate the endogenous thymic repair following sub-lethal total body irradiation in mice (Dudakov et al. 2012) .
Recently, an in vitro study determined that doxycycline exerted an anti-apoptotic effect on TECs through signaling pathways that included NF-κB-Bcl-2/Bcl-2-associated X protein and thioredoxin 2-apoptosis signal-regulating kinase 1/c-Jun N-terminal kinases. Because ATI has been confirmed to be plastic in nature, it can be therapeutically reversed or halted (Wang et al. 2016) . Figure 5b illustrates the potential mechanisms underlying the therapeutic treatment of ATI in vitro (Wang et al. 2016) . However, whether doxycycline also exhibit an anti-apoptotic action that can reverse ATI in vivo remains a question that warrants further study.
In addition to the therapeutic and mechanistic approaches described above, other techniques to reverse ATI may include the ablation of sex steroids (Goldberg et al. 2010) , supplementation with hormones such as growth hormone or prolactin (Dorshkind and Horseman 2000; Redelman et al. 2008) , application of small RNAs (Baltimore et al. 2008; Khan et al. 2014 ) and bio-engineering strategies (Palamaro et al. 2013; Tajima et al. 2015) .
Conclusion
In addition to the extensive evidence for the harmful effects of acute thymic atrophy (ATI) on the host, there is growing evidence for mechanistic reversal of ATI. This review highlighted recent studies regarding ATI in host species in response to various forms of complex pathological stimuli, provided updated insights into the current understanding, and discussed open questions regarding the cellular and molecular signaling pathways of ATI. On the basis of this information, future research should focus on the mechanisms involved in the recovery from ATI and the rapid restoration of thymic structure and function in certain cases of its involution. (viral, parasitic, fungal and bacterial) lead to decreases in size and weight, anatomical disruption of the thymic architecture and apoptosis of the thymocytes, which results in ATI (a). In vitro application of doxycycline to medullary thymic epithelial cells (mTECs) up-regulates the phosphorylation of NF-κB and increases the Bcl-2/Bax ratio, which causes further up-regulation of thioredoxin 2 (Trx2) and leads to down-regulation of the ASK1/JNK signaling pathway. This caused an anti-apoptotic effect and ultimately reversed the ATI (b)
